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THE AGE HARDENING OF ALUMINUM-COPPER ALLOYS
INTRODUCTION
During reoent years, duralumin and all aluminum alloys have been
made the object of much discussion regarding their hardening mechanism.
The cammeroial success of nearly all of the alloys of aluminum and mag-
nesium is dependent on their ability to age or precipitation harden.
This is especially true of those alloys used in the aircraft industry.
The phenomenon of age hardening was discovered in 1906 by Wi~ (1)
in the oourse of his investigation of the aluminum alloy, duralumin,
but he did not attempt to offer any explanation for this age hardening.
The first theory of age hardening was not advanced until 1919, and it
has been a major controversy wherever disoussed. This theory was 001-
laborated on by Merica, Waltenberg, and Scott in their work on dural-
umin and numerous other copper-aluminum alloys. Many investigations
have been carried out on precipitation hardening since that time and
prodigious quantities of literature are available on this subject.
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MECHANISM OF AGE HARDENING
Age or preoipitation hardening ooours in all allo.ys of the solid
solution type oontaining a hardening oonstituent, be it a metal or an
intermetallio oompound, which is more soluble in the solvent phase at
higher temperature than at lower ones, see Figure 1. When a saturated
solid solution is rapidly cooled by quenohing to a lower temperature,
it becomes supersaturated and unstable. There will be a precipitation
of the hardening oonstituent if the alloy is allowed to stand at any
temperature below the required one for one solid solution to exist.
This preoipitate, whioh forms along the grain boundaries and potential
slip planes, keys the slip planes and therefore causes hardening.
Four points were advanced for the age hardening of aluminum-
copper alloys by Merioa, Waltenberg, and Soott in their original paper.
They are:
1. Age hardening is possible beoause of the solubility relations
of the hardening constituent in the aluminum.
2. -The hardening constituent is CuA12•
3. The precipitation of this constituent oauses hardening.
4. The hardening effect of CuA12 is related to its particle size.
Merica explained the particle size effect on age hardening by
stating that during the initial stage of hardening, the preoipitate
particles are very &mall and have little effeot on hardening, but as
the particles become larger, they have a marked effect. This growth
oontinues until in the final stage the particles are so large that the
hardness falls off. This effeot is shown by Figure 2 taken from his
artiole.(2)
.-
400
~oo
200
100
. Alwninum End of the Cu-AI Diagram
700
-------- --------r----_ ------- -------- r--AlI-CU Solid ~olution b4tl~»>
~
t.>:
-:
/ AI-Cu SDlid Solut ~on .andCuA12
I
I
I
I
I
I
I,
I
I
"
660
600
500
o 21 4 5 6
Per Cent Copper by Weight
Figure 1.
-3-
Figure 2.
r;)
f'l
• ..::J
0
H
8
IX<
~
Iii
~1
N
0 H
IX<
.t: ~ r;)HOr 1 H ,,",'P1 Or;) H
r .-1 H 0
~
E-l ~Tl H
Hfll 8
P::;J') :xi
OH <4:: A
~~
::0oH
Hr;)• , p::;
~r:il
8 (LI
-:qr;)
::H
A
-4-
This theory of critical particle size has been partially discred-
ited by the work of Dix and Richardson(S) which showed that age hardened
alloys oan reach maximum hardness without precipitation of particles
large enough for microscopic detection. if the hardening is done at roam
temperature. They also observed that particles of resolvable size may
be of maximum hardness if the aging is accomplished at an elevated tem-
perature. These two observations make the critical particle size theory
incompatible. Although this theory has been partially disoredited. it
has served as a springboard for research workers and has made a guiding
principle available. This principle may be stated that there must be
some solid solubility at an elevated temperature and a deoreasing sol-
ubility at lowered temperatures. Also. at some temperature where super-
saturation occurs. precipitation must be possible.
THE PROBLEM
The problem investigated was the age hardening behaviour of high
aluminum-alloy castings of aluminum-copper when the aging temperature
was varied and when the composition was altered by the introduction of
minor amounts of manganese and magnesium. Rohner(4) stated in his paper
that the inolusion of 0.05% magnesium. acting as a catalytic agent. will
accelerate the age hardening and the introduotion of 0005% manganese
will decrease the rate of egression of the precipitated particles.
PREPARATION OF THE ALLOYS
The alloys were prepared of high purity aluminum pellets. sheet
oopper. magnesium. and eleotrolytio manganese. The melts were made in
alundum oruoibles in a laboratory induotion furnaoe. Three alloys were
made of the following composition:
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ALLOY %Copper ~l~in~ %Manganese %Magnesium
A •••• 4.00% 96.00% nil nil
B•••• .4.00% 95.95% 0.05% nil
C •••• 4.00% 95.90% 0.05% 0.05%
(These figures are weight per cent.)
Alloy A was made by melting the aluminum pellets first and then
adding the copper sheet to the molten alQ~inum. The temperature was
raised for one minute to insure complete solution of the copper in the
aluminum. The melt was then stirred briskly with a graphite rod and
poured.
'-
Alloys Band C were similarly prepared with the exception that the
minor amounts of manganese and magnesium were introduced into the melt.
wrapped in pure sheet aluminum. to prevent excess volatilization of the
contained magnesi~. Even with this precaution. Alloy C was a failure
due to the loss of magnesium. The author was compelled to substitute a
commercial alloy having the same chemical analysis as Alloy C. Unfor-
tunately. the substitute was a rolled shape possessing a hardness less
than that expected from the original cast shape. The substitution was
justified by the fact that although the hardness was lower. the ability
of the substitute to age harden was indicative for alloys of this par-
tioular composition.
No flux was necessary. but the melt was protected from oxidation
by a thin layer of pulverized oharcoal. The pulverization of the char-
coal was essential because any coarse pieces had the tendency to be
inoluded in the castings. The alloys were cast in a preheated gr~phite
mold and were quenched immediately on solidification in cold water.
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This abrupt cooling insured a maxtmwn supersaturation ot the alloy.
The surtaoes ot the oastings were not unitorm to the extent that
air vugs and charcoal inclusions could be observed. To elminate this
condition. the bars were placed in a mechanical shaper which removed
1/16" tram the surface. The bars were then polished on a belt sander.
The porous top ot the bar. containing charcoal and Al203 inclu-
sions. was sawed ott and disoarded. The remainder ot the bar was cut
into tive equal pieces. These pieces were then subjected to a two-and-
one-halt-hour solution heat treatment at 535°C., and then were quenched
in a water bath to about 200C.
LABORATORY PROCEDURE
The solution heat treated speoimens were subjeoted to age harden-
ing at tour different temperatures. namely:
1. Roam temperature (2000.).
2. 900e., this aging done in an eleotrio oven.
3. 185°C., this aging done in an eleotric oven.
4. 3000C., aging aooomplished in an eleotrio turnaoe. The fitth
pieoe of eaoh alloy was used to determine the initial hardness.
The samples were quenohed in cold water. and hardness tested after
aging tor 2, 4. 8, 12, 16, 20, 24, 28, 32, 36, 40, 48, 72, 96. and 120
hours. The hardness tests were made on a.Rookwell Superfioial Hardness
Tester with a load of 15 kilograms applied in all oases.
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GENERAL DISCUSSION
The results of each of the alloys will be discussed separately
along with their respective curves and tables. The statements made
here will generally hold true for all alloys investigated.
Prolonged aging of a~ of the alloys at any temperature other
than room temperature should cause oontinued coalescence of the pre-
oipitate particles, and result in relatively few segregations of rela-
tively large size. The disposition and number of these segregations
should be insufficient to cause great hardness. When the above con-
dltions exist, the alloy is termed "ove raged ;" This overaging will
be exhibited more readily at high aging temperature ranges than at
low aging temperature ranges. This may be true in all cases investi-
gated.
The optimum development of age hardening is to be expected ~hen:
1. The hardening constituent is effective in resisting or pre-
venting slip. (This may be substantiated by Merica(2) who
states; "Hardness of the preoipitated phase has little effect
in the obtainable hardness of the alloy.")
2. Each particle of the segregated constituent effects a large
volume of the matrix.
3. The segregated particles are very small and nlnnerous.
-8-
DISCUSSION OF RESULTS
ALLOY A
All of the age hardening curves of Alloy A show an initial drop.
except the sample aged at 3000C. This initial drop in the hardness may
be caused by a rapid relief of thennal or quenching stresses. The re-
lief of these stresses was more rapid as the aging temperature was in-
creased. Possibly the relief of these stresses in the 3000C. specimen
would also have been apparent if hardness tests had been taken during
the initial two-hour aging period.
The slopes of the curves are probably exaggerated due to the light
major load applied. A discrepancy of five points of hardness with this
light major load, 15 kilograms, is minor in magnitude but will have a
pronounced effect on the slopes of the curves.
The particle size may be considerably greater at the higher aging
temperatures, and thus may have less influence on the age hardening
ability of this alloy. The specimen aged at 185°C. appears to have the
greatest number of optimum size particles of the aging temperatures em-
played.
Alloy A exhibited twin or double peaks in all of its hardness
curves. This phenomenon appeared for all aging temperatures employed.
Fink and Smith(5) have explained that the twin or double peaks are due
to the effects of strain. It is also known that strain causes plastic
deformation, and plastic deformation accelerates the rate of preoipi-
tation of the hardening oonstituent(6).
This discussion may be correlated with Figure 3 and Table I.
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TABLE I----- -
ROCKWELL HARDNESS (1ST) OF AN ALUMINUM ALLOY COUTAINHm
4 PER CENT COPPER BY WEIGHT
Aging Time.
At 90°C.Hr. At 20°C. At 185°C. At 300°C.
0.0 54.1 54.0 53.8 53.9
2.0 51.7 52.9 52.9 54.7
4.0 48.3 49.3 52.1 54.9
8.0 52.8 50.0 53.1 52.8
12.0 no read1~s
16.0 62.3 52.7 56.3 51.3
20.0 63.7 54.1 57.2 48.2
24.0 62.5 58,.6 59.8 46.1
28.0 62.7 57.9 60.3 47.0
32.0 61.5 57.0 61.4 49.1
36.0 61.7 56.3 64.2 53.7
30.0 64.2 55.1 63.9 53.0
48.0 62.1 53.0 60.1 50.8
72.0 59.3 50.8 64.2 48.1
96.0 58.9 53.9 62.8 48.0
120.0 58.6 54.0 60.4 48.1
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Figure 3.
AGE HARDENI~G CURVE OF ALLOY A.
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DATA: °Solution heat treated at 535 C. for 2t hours.
Quenched in cold water at 20°C.
96% Al.-4% Cu.
Rockwell Superficial Hardness ( 15 T ).
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ALLOY B
The addition of a minor amount of manganese (0.05%) to the alloy
seemed to decelerate the coalescence of the precipitate particles in
the low and high temperature ranges, and thereby retard overaging.
Rohner1s(4) statement, nthe addition of minor amounts of manganese will
retard age hardening,tt is verified by Figure 4.
All hardening curves with the exception of the 200C. curve display
turn peaks. These peaks are 19ss prominent than the peaks of Alloy A.
This may be caused by the addition of the manganese.
A~loy B was apparently overaged in the high temperature aging
range. Particles of relatively large size were probably precipitated.
One specimen was polished and microscopically examined. This specimen
showed traces of precipitate particles, but unfortunately it was im-
possible to determine the extent of precipitation or size of the par-
ticles. These particles apparently were large in si~e and few in num-
ber which would account for the drop in hardness when aged at high
temperatures.
Manganese definitely has an effect on the age hardening ability of
aluminum-copper alloy. This may be substantiated by comparing Figure 3
and Figure 4. The aging period of Alloy B to reach its maximum hard-
ness is comparatively long with respect to Alloy A.
To correlate this discussion. refer to Figure 4 and Table II.
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TAB L E II-----
ROCKWELL HARDNESS (15T) OF AN ALUMINUM ALLOY CONTAINING
4 PER CENT COPPER AND .05 PER CENT MANGANESE BY WEIGHT
Aging Time.
At 20°C. At 90°C. At 1850C. At 300°C.Hr.
0.0 49.0 48.9 49.0 48.8
2.0 47.9 47.9 44.6 49.5
4.0 47.0 44.5 46.0 50.0
8.0 47.2 44.6 47.9 50.8
12.0 47.5 46.0 52.5 50.5
16.0 48.5 47.1 53.8 49.0
20.0 49.2 47.5 53.0 47.1
24.0 50.0 47.0 51.2 43.0
28.0 51.0 46.4 50.4 40.5
32.0 51.9 45.0 49.6 40.5
36.0 52.6 43.6 49.2 40.9
40.0 53.1 42.3 49.0 41.5
48.0 52.9 41.1 50.3 44.0
72.0 49.6 45.3 51.6 48.1
96.0 48.8 43.6 47.2 40.7
120.0 49.0 41.0 47.0 37.4
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Figure 4.
AGE HARDENING CURVE OF ALLOY B.
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AU,OY C
The addition of a minor amount of magnesium (0.05%) apparently
aocelerated the ooalesoenoe of the preoipitate partioles and thereby
aooelerated the age hardening. Rohner(4) hypothesized that magne-
sium will act as a oatalytic agent in aluminum-oopper alloys. He
further suggested that magnesium did not enter the alloy as an alloy-
ing agent.. Referring to Figure 5. this aooeleration of the ooa1e8-
ceuoe of precipitate partioles. whioh aooelerated age hardening. is
apparently true in all aging temperature ranges.
Referring to the preparation of alloys. the author oould not ar-
rive at any definite oonolusions amenable to the substituted oommer-
oial alloy.
The author believes that Alloy C could be suooessfully prepared
without magnesium 1088 by using a sealed cruoible. and maintaining a
neutral or reduoing atmosphere. The most feasible method would be to
maintain a oontinuous hydrogen stream through the sealed oruoible dur-
ing the melting operation. Another method whioh oould be employed ia
to make a master alloy of aluminum and magnesium. A oaloulated amount
of this master alloy oould be added to the oopper-aluminum melt to make
up any alloy of specifio oopper. aluminum. and magnesium content.
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TAB L E III----- -
ROCKWELL HARDNESS (15T) OF AN ALUMINUM ALLOY CONTAINING
4 PER CENT COPPER. 0.05 PER CENT MANGANESE. AND
0.05 PER CENT MAGNESIUM
BY WEIGHT
Xging Tlme _
At 200C.Hr. At 900C. At 1850C. At 3000C.
0.0 17.3 17.2 17.3 17.0
2.0 16.5 15.0 16.5 15.0
4.0 15.0 6.4 14.0 12.1
8.0 no readi~s
12.0 13.9 8.3 15.1 18.6
16.0 13.7 10.3 16.3 19.5
20.0 14.6 11.5 17.2 16.5
24.0 15.7 12.6 18.0 12.5
33.0 16.6 13.0 18.4 11.0
32.0 17.4 12.9 17.6 10.3
36.0 18.0 12.7 15.7 9.6
40.0 18.5 12.5 15.3 9.2
48.0 19.1 12.6 16.0 8.5
72.0 16.1 19.4 17.3 8.7
96.0 14.1 14.3 16.0 8.5
120.0 14.6 12.7 15.9 6.4
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Figure 5.
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CONCLUSIONS
1. It i8 possible to sucoessfully age harden copper-aluminum alloY8
without the application ot mechanical strain.
2. The addition of a minor amount of manganese (0.05%) to the all~
tends to deoelerate the"coalescence of the preoipitate partioles. This
deoeleration causes the hardness peak to be delayed.
3. The addition of a minor amount of magnesium (0.05%) aocelerates the
ooalescenoe of the preoipitate particles, and therefore allows the alloy
to reaoh a maxtmum hardnesB in a shorter aging period.
4. The copper-aluminum alloys tend to develop two age hardness peaks
on aging.
5. Copper-aluminum alloys tend to overage at elevated aging tempera-
tures.
6. Solution heat treatment relieves internal stresses oaused by thermal
or meohanioal strain.
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